OBJECTIVE: We hypothesized that red blood cell (RBC) transfusions influence intestinal inflammation in very low birth weight (VLBW) infants. We also suspected that hematocrit (Hct) at transfusions and RBC storage time correlate with intestinal inflammation. STUDY DESIGN: VLBW infants, without major congenital defects, intestinal perforation or necrotizing enterocolitis, were enrolled prospectively. Fecal calprotectin (FC) levels were measured from stool samples collected before and after RBC transfusions. Data on Hct and RBC storage time were collected. RESULT: Data from 42 RBC transfusions given to 26 infants revealed that FC levels increased faster than baseline after RBC transfusions (P = 0.018) and were higher in multiple-transfused infants (0 to 48 and 448 h post transfusion, P = 0.007 and P = 0.005, respectively). Lower Hct and RBC storage 421 days correlated with higher FC levels (P = 0.044 and P = 0.013, respectively). CONCLUSION: RBC transfusions, anemia and prolonged RBC storage were associated with an increase in intestinal inflammation.
INTRODUCTION
Necrotizing enterocolitis (NEC) continues to be a devastating gastrointestinal complication of very low birth weight (VLBW) infants born before 33 weeks of gestation. 1 The disease affects 4 to 11% of these infants, with mortality rates as high as 15 to 30%. [2] [3] [4] The etiology of NEC is likely multifactorial, and it is affected by factors including but not limited to genetic predisposition, [5] [6] [7] excessive inflammatory response, immature intestinal barrier and abnormal microbial flora. 1, 8 In recent years, several retrospective studies have reported that 25 to 40% of all cases of NEC may occur within 48 h of receiving a red blood cell (RBC) transfusion. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The underlying mechanism(s) are unclear; plausible factors may include immaturity of mesenteric vascular autoregulation, microvascular sludging by stored RBCs, inflammatory factors accumulated in the transfused RBC units and immaturity of the host immune responses. 24 Fecal calprotectin (FC) is derived mainly from activated neutrophils present in the intestinal mucosa and lumen, and it has been investigated as a biomarker of mucosal inflammation in diverse conditions such as NEC, an inflammatory bowel disease and intestinal ischemia-reperfusion. [25] [26] [27] [28] [29] [30] FC is a useful biomarker in preterm neonates for several reasons: stool samples can be easily collected even in the smallest neonates, calprotectin is stable at room temperature for up to 1 week and calprotectin can be measured easily using a robust, commercially available immunoassay. 31 We hypothesized that RBC transfusions cause subclinical intestinal inflammation in VLBW infants. To investigate this hypothesis, we measured calprotectin levels in serially collected stool samples from premature infants receiving RBC transfusions, postulating that FC levels would increase after RBC transfusions. We also measured the relationship between FC levels and prenatal or postnatal clinical factors, storage time of transfused RBCs and the hematocrit (Hct) at the time of transfusion.
METHODS
This prospective observational study was conducted from April 2012 to November 2013 at the Level III Neonatal Intensive Care Unit at Tampa General Hospital/University of South Florida after approval by the Institutional Review Board. Infants with a birth weight of o1500 g or a gestational age of o 33 weeks were eligible for the study. Exclusion criteria included lethal genetic disorders, major congenital anomalies, abdominal wall or gastrointestinal defects and intestinal perforation or NEC before enrollment. A written informed consent in the parents' preferred language was obtained before initiation of sample collection. The decisions to transfuse were made by the medical teams following a standardized transfusion guideline. During the study period, we did not routinely withhold enteral feeds during transfusions.
Sample size
On the basis of existing literature on FC levels in VLBW infants, we used a s. d. of 189 μg g − 1 stool and expected a change in FC of 85 μg g − 1 stool to be biologically significant. To investigate the hypothesis that FC levels increase significantly after RBC transfusion, we estimated our sample size to be 39 RBC transfusions to achieve statistical power of 0.8 and α = 0.05.
Data collection
Maternal and infant characteristics were collected from electronic charts. Chorioamnionitis was identified based on placental histopathology reports. Gestational age was recorded as completed weeks of gestation based on the first trimester ultrasound or maternal last menstrual period. The classification of patent ductus arteriosus (PDA) was based on echocardiographic evaluation, and the largest ductal size was documented. Clinically significant PDAs were defined by the presence of persistent metabolic acidosis, O 2 requirement 440% and need for assisted ventilation. Intraventricular hemorrhage was graded using Papile's classification. 32 The highest stage of retinopathy of prematurity during hospital stay was recorded. Corrected gestational age was calculated by adding the postnatal age in weeks to the gestational age at birth and recorded as completed weeks of gestation. Our unit provided donor breast milk for qualified infants (birth weight o1500 g), which was fortified with powdered cow's milk-based human milk fortifier, as needed. Feeding intolerance was defined as abdominal distension, residuals of 450% of feeding volume, lack of radiographic findings suggestive of NEC and withholding of feeds for 48 to 72 h. We recorded NEC stage IIb or greater based on the modified Bell's staging criteria. 33 For each transfusion, the duration of RBC storage (days) was provided by the blood bank. All transfused RBCs were cytomegalovirus negative and irradiated.
Stool sample collection
We collected serial stool samples before and after RBC transfusions so that FC levels could be compared in each infant before and after RBC transfusion. After an infant was enrolled, the nursing staff saved one stool diaper during each 12-h shift in a closed box at the patient's bedside. During the weeks when the infant did not receive an RBC transfusion, one stool sample was saved per week and stored for analysis. When an RBC transfusion order was placed, stool diapers were collected more frequently, including the last stool before transfusion, the first stool after transfusion and one stool every 24 h for up to 3 days after the transfusion. Stool samples were collected in 2-ml plastic cryovials and kept at room temperature for no more than 5 days. Samples were then frozen at − 80°C until analysis. Stool collection was stopped at 37 weeks corrected gestational age or at the time of discharge, whichever came first.
Fecal calprotectin
FC levels were measured using a commercially available enzyme-linked immunosorbent assay (ELISA; PhiCal/Genova Diagnostics, Ashville, NC, USA). This ELISA kit is FDA-approved for clinical laboratory usage and has a linear range of measurements from 25 to 2500 μg per g stool. At the time of analysis, samples were thawed to room temperature and homogenized in the extraction buffer. FC levels were measured in duplicate according to the manufacturer's protocol.
Statistical analysis
Demographic and clinical characteristics are expressed as percentages and as means ± s.d. (SPSS version 22; SPSS IBM, New York, NY, USA). To analyze longitudinal changes in FC, panel plots with Loess curves were produced. A generalized linear mixed model with radial smoothing was used to fit the longitudinal data by using SAS PROC GLIMMIX version 13.1 (SAS Institute, Cary, NC, USA). An indicator variable was created to represent the before and after transfusion period for each infant. An interaction between this indicator and time was tested for the rate of change of FC values. To analyze temporal changes in FC levels from 0 to 48 h and 448 h before and after RBC transfusions, natural log transformation was applied to approximate the normal distribution, and a fixed-effects model was used to control for measured and unmeasured confounders. To estimate the effects of RBC storage time and Hct on the trajectory of posttransfusion FC levels, we fitted a linear mixed-effects model. The log-transformed FC levels were regressed on RBC storage time (⩽21 days vs 421 days) and Hct at the time of transfusion. Clustering of observations within patients over time was modeled with a random intercept for each patient. Regressions were performed using R 3.0.1 software with nlme package (R Foundation for Statistical Computing, Vienna, Austria). P-valueso 0.05 were considered statistically significant.
RESULTS

Patient population
Of the 167 infants enrolled, 47 (28%) infants were transfused. We analyzed stool samples associated with the first 42 RBC transfusions as we determined a priori from our sample size calculation. These transfusions were from a total of 26 infants. Of these 42 transfusions, 19 represented first transfusions, whereas 23 were repeat transfusions given to previously transfused infants. The postnatal age at the time of enrollment ranged from 0 to 21 days of life; 21 of 26 infants (81%) were enrolled within the first week of life and all infants were enrolled before the first transfusion.
Infants and maternal characteristics
The clinical and demographic characteristics of the studied infants are given in Table 1 . The gestational age of infants was 27.6 ± 2.6 (mean ± s.d.) weeks, and the birth weight was 1170 ± 407 g. For 3 of the 26 infants, the placental pathology to diagnose chorioamnionitis was not performed. Thirty-eight percent had a moderate or large PDA and one infant was treated with indomethacin; none underwent PDA ligation; 12% had evidence of intraventricular hemorrhage on cranial ultrasounds and one received a ventriculoperitoneal shunt; and 23% had retinopathy of prematurity but did not require intervention. The incidences of PDA, intraventricular hemorrhage and retinopathy of prematurity were similar to those typically seen in this unit.
Clinical characteristics at the time of RBC transfusions
The mean postnatal age and corrected gestational age at the time of RBC transfusions were 27 ± 16 days and 31 ± 3 weeks, respectively ( Table 2 ). Most transfusions (83%) were administered while infants were being fed human milk or fortified human milk. For 25 (60%) of the transfusions, infants were given antibiotics for late-onset sepsis evaluation within 48 h of the transfusions, and 8 (19%) of those had a positive blood culture. Two infants (4.8%) had NEC (⩾ Bell stage IIb). Four (9.5%) transfusions were administered in infants whose enteral feeds were withheld because of feeding intolerance or indomethacin.
Changes in FC levels in relation to RBC transfusions
The linear mixed model with radial smoothing showed a significant increase in FC over time (B = 3.6062, P = 0.0021), and the rate of change was higher after RBC transfusions (slope before transfusion = 74.78 vs slope after transfusion = 77.69, P = 0.0176). Using fixed-effects regression, we compared FC levels (natural logtransformed to approximate the normal distribution) before and after transfusion. Comparing 0 to 48 h before vs 0 to 48 h after transfusion, we observed a significant association between FC levels and the number of prior transfusions (Coefficient = 1.67, P = 0.007). A similar association between FC and the number of prior transfusions was observed in448 h before vs448 h after transfusion (Coefficient = 1.27, P = 0.005).
Association between FC, Hct at transfusion, RBC storage and clinical characteristics
For 3 of the 42 transfusions administered, the storage duration of the transfused RBCs could not be confirmed by the blood bank. For the remaining 39 transfusions, RBC storage duration 421 days was associated with higher logFC (B = 0.428, s.e. = 0.170, t(95) = 2.52, P = 0.013; Figure 1 ). A lower Hct at the time of transfusion was associated with higher logFC levels (B = −0.0496, s. e. = 0.024, t(95) = 2.04, P = 0.044) even when controlled for the effect of RBC storage time 421 days using a dichotomous covariate method (B = 0.53, s.e. = 0.17, t(95) = 2.52, P = .013; Figure 2 ). We did not find a significant difference in FC levels in relation to storage time of 1 week or 2 weeks, or a significant (linear) association when treating storage age as a continuous variable. Only two infants developed NEC. Infant 1 was a 32-week 2.25-kg boy with prenatal diagnosis of obstructive uropathy, who was mechanically ventilated for 10 days plus 30 more days of nasal continuous positive airway pressure. Formula feedings were initiated on day 1 with transition to breast milk fortified with bovine-based fortifier starting on day 3 and reached full feed by day 10. He was diagnosed with NEC presenting with feeding intolerance, abdominal distension and focal pneumatosis on abdominal film on day 17 with full recovery after 10 days of Piperacilin/tasobactam and bowel rest. The transfusion was given at the time of NEC diagnosis. His peak pretransfusion and posttransfusion FC levels were 797 and 362 μg per g stool, respectively. Infant 2 was a 26-week 0.95-kg male twin with mild surfactant deficiency treated with continuous positive airway pressure, who was started on formula feeding on day 2, transitioned to breast milk and bovine-based fortifier starting on day 4 and reached full feeds on day 13. He was treated with vancomycin for 7 days for coagulase-negative staphylococcal bacteremia on days 8 to 15 and received the first RBC transfusion on day 8 for apnea and tachycardia. On day 18, he developed abdominal distension with diffuse pneumatosis on abdominal film. He underwent laparotomy and bowel resection on day 20 after presenting with radiographic evidence of free air. He received second RBC transfusion on day 18, 6 h before the onset of abdominal symptoms. His immediate pretransfusion and posttransfusion FC levels were 68 and 166 μg per g stool, respectively. We did not find a correlation between FC levels and persistent ductal patency, antibiotic use, intrauterine growth restriction, histologic chorioamnionitis, type of feeds, nil per os status or bacteremia.
DISCUSSION
We found a significant association between RBC transfusions and FC levels in VLBW infants. FC levels were higher in infants with lower pretransfusion Hct, in infants who received transfusions with RBCs stored for 421 days and in infants who received more than one RBC transfusion. The rate of increase in FC levels was also higher after transfusions, indicating that RBC transfusions caused a subclinical inflammatory response in the intestinal tract. These findings are of importance as a plausible, potential mechanistic basis for the association between RBC transfusions and NEC. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] 34 In this pathophysiological model, RBC transfusions induce a mucosal inflammatory response that remains subclinical in most recipients, but in susceptible infants an exaggerated mucosal reaction could become clinically evident as NEC. FC is a promising biomarker of gut mucosal inflammation. [25] [26] [27] [28] [29] [30] In the inflamed intestine, circulating neutrophils are actively recruited to the mucosa, and some of these migrate into the intestinal lumen. Although several neutrophil-derived biomarkers have been examined in feces, calprotectin is the most widely studied. 35 Calprotectin is released mainly by activated or damaged neutrophils, although small amounts are also expressed by activated macrophages and monocytes. 35 Following RBC transfusions, neutrophil activation is a well-recognized phenomenon and has been noted in a variety of settings, including in transfusionassociated acute lung injury, surgical patients, cancer and trauma. 36 Transfused RBC units are known to contain several neutrophil priming agents and mechanisms, including inflammatory cytokines, vesicular microparticles, membrane fragments, bioactive lipids such as lysophosphatidylcholines and antineutrophil antigen antibodies. 36 In our study, RBC transfusions triggered the greatest rise in FC levels in infants with the lowest pretransfusion Hct. These findings are consistent with the findings of Singh et al., 17 who previously showed that lower Hct at the time of transfusions was associated with increased odds of NEC (odds ratio 1.10, P = 0.01) after controlling for other factors. They also showed that RBC transfusions had a temporal relationship with onset of NEC, in which a transfusion within the preceding 24 h (odds ratio 7.60, P = 0.001) and 48 h (odds ratio 5.55, P = 0.001) was associated with increased odds of developing NEC. Studies in animal models demonstrate that anemia can impair mesenteric perfusion and increase oxygen extraction, leading to anaerobic metabolism and accumulation of its by-products such as lactic acid. 37 Anemia can also alter the normal change in intestinal vascular resistance during the transition from fetal to neonatal life, predisposing the developing intestine to hypoxemic-ischemic gut mucosal injury, and possibly NEC. 38 We also detected an association between FC levels and the storage age of RBCs. These finding are significant because blood banks often dedicate single RBC units for sequential transfusions in a single infant. Although this practice may reduce alloimmunization and infections, it may also result in transfusions with RBCs that have been stored for longer periods. Stored RBCs are less deformable, are 'sticky' and lose nitric oxide, which can result in decreased O 2 delivery, vasoconstriction and ischemia. 39 Stored RBCs also contain microparticles, heme and cytokines (IL-1β, IL-6 and IL-8), which can activate neutrophils and cause inflammation. 40 All of these mechanisms are plausible explanations for the influx of neutrophils into the intestine in response to RBC transfusions. Although RBC storage has not been associated with NEC in retrospective clinical studies published to date, 24 there is renewed interest in this question because several studies now show that the storage age of transfused RBCs correlates with adverse outcomes in critically ill adults.
In agreement with previous studies, we found that FC levels correlated positively with postnatal age. 41, 42 This finding suggests that the microbial colonization of the gut influences FC levels in premature infants. Future studies may correlate intestinal inflammatory responses with differences in microbial colonization.
Our study is limited to the fact that a small number of infants had multiple RBC transfusions. This may act as a confounding factor, as our analysis demonstrates that RBC transfusions may alter the infant's baseline FC levels. In the study unit, RBC transfusions were not administered routinely, but most commonly in the setting of symptomatic anemia. Hence, 60% of the transfusions were given to infants with nonspecific systemic symptoms that led to work-up for late-onset infection including antibiotic administration. In all, 19% of those work-ups resulted in a positive blood culture, and there were two cases of NEC stage IIb or greater. Interestingly, Josefsson et al. 42 showed no correlation between C-reactive protein, a systemic inflammatory marker and FC levels in infants without severe abdominal symptoms; their study also showed lower FC values in infants treated with antibiotics. It remained unclear how other inflammatory processes and antibiotic administration influenced the changes in FC levels in our study.
This study was also limited by the small number of infants with NEC, which limits our ability to draw conclusions regarding a causal relationship between RBC transfusions and NEC. Our observational study was not designed to investigate the clinical significance of increased FC levels in association with RBC transfusions, which would require a larger cohort. We cannot yet caution against restrictive transfusion practices or recommend the use of RBCs o 21 days old to prevent intestinal inflammation and/ or NEC in VLBW infants. Further study is needed to validate these data in a larger cohort with a larger proportion of infants with NEC. However, this study is the first to provide a surrogate measure of the mucosal inflammatory response immediately after RBC transfusions in preterm infants. The availability of serial stool samples is also a major strength, which allowed us to compare pretransfusion and post-transfusion FC values for each individual infant and thus minimize confounding factors.
In summary, we report significant changes in FC levels after RBC transfusions: FC levels were higher in infants who received more than one transfusion, and the rate of increase in FC levels was higher after transfusions. We also found significant associations between levels of FC and lower pretransfusion Hct, and between FC levels and RBC storage time 421 days. The combination of FC levels and other biomarkers of gut well-being such as peripheral monocyte counts, plasma and urinary biomarkers of inflammation, or measurements of intestinal blood flow and perfusion may help further elucidate the relationship between packed RBC transfusion and intestinal injury. 43 
